Akylating agents react with various nitrogen and oxygen atoms in DNA and many of the products are substrates for repair processes. Oxygen atom derivatives such as 0_ -methylguanine (0 -meG) 0^ -methylthymine and methylphosphotriesters (HP) have been shown to undergo repair by methyl group removal. The proteins involved in the latter reaction can be considered to be methyltranferases (MT) because their action results in the transfer of the methyl group to a cysteine residue within a polypeptide. A rapid and sensitive assay for MT activity has been developed and used to screen extracts of bacteria harbouring an E.coli genomic DNA library carried in a plasmid vector. We report here the cloning of an E.coli gene coding for £ -meG and MP MT repair functions. These two activities reside on a 37Kd protein that can undergo a host-dependent cleavage to produce an 18Kd protein which contains only 0 -meG MT and a 13Kd protein which contains only MP MT. . We have developed an alternative procedure which measures the transfer of radiolabelled methyl groups from the substrate DNA to the MT protein. This assay is less specific in that it will measure total MT activity, however it is very rapid and extremely sensitive. In attempts to clone MT genes for studies on expression and regulation, we have used the assay to screen extracts of
bacteria harbouring an E.coli genomic DNA library carried in a plasraid vector. This novel approach has revealed bacterial clones expressing increased levels of MTs and these have been identified by conventional chromatographic methods. The plasmid isolated from one of the clones has been further characterised by transformation into various E.coli strains, by DNA directed protein synthesis and by subcloning. The plasmid appears to contain the structural gene for 0^ -meG MT and MP MT, and both activities reside in a 37Kd protein which can undergo breakdown to active subfragments.
MATERIALS AND METHODS
Preparation of E.coli genomic DNA library High molecular weight genomic DNA from the E.coli strain Berkley B was partially digested with the restriction endonuclease Sau 3AI. DNA fragments of about 10Kb were isolated following agarose gel electrophoresis and ligated into Bam HI digested pUC 8. Following transformation of E.coli strain JM83, approximately 1500 individual recombinants were isolated into L-broth containing 8% dimethylsulphoxide on 96-well plates and stored at -80°C.
Methyltransferase extract preparation
Pools of 8 individual clones were grown to stationary phase overnight in M9 media. L-broth was then added and the culture incubated for a further 30min. at 37°C. 1.5ml aliquots of bacterial culture were pelleted, and the bacteria were washed with 40mM Tris-HCl, 25% (w/v) sucrose, 5mM EDTA pH8.1 (TSE) and resuspended in 200nl of TSE. Cell walls were digested by incubation for 10 min. at 37°C with lysozyme (Sigma) and the resulting protoplasts collected by centrifugation. The pellet was washed with 500|il 50mM Tris-HCl, 6mM mercaptoethanol, lmM EDTA pH8,3 (TBE). The protoplasts were lysed by a combination of osmotic shock, tituration and vortex mixing in 600M.1 of TBE at 4°C and MT was dissociated from DNA by adding 30til 5M sodium chloride solution. Streptomycin sulphate (SMS) solution was added to give a final concentration of 1% and after 30min. on ice the DNA-SMS complex was removed by centrifugation. The supernatant, containing approx. 0.3mg protein/ml, was used for the assay of MT activity.
Substrate Preparation
Calf thymus DNA (Sigma) was deproteinised and dissolved (8mg/ml) in 33mM Tris-HCl pH 8.a. This solution (1.0ml) was reacted with [ 
-Methylguanine methyltransferase assay
This was carried out essentially as described previously (12) except that to each assay was added [ HJ-MNU-DNA substrate (specific activity 6 30Ci/mMole) containing O.lpmole () -meG using the amounts of extracts indicated in a total volume in 1.1 ml BME. Following incubation at 37°C for 30 min. samples were cooled in ice and bovine serum albumim (lOOul of a 10mg/ml solution) and perchloric acid (400 |il of a 1M solution) were added.
Precipitates were collected by centrifugation and hydrolysed twice in 0.25 ml of 0.1M perchloric acid. Combined supernatants were mixed with marker 7-methylguanine (Sigma) and Q -meG (synthesised from 6-chloroguanine, Sigma) and subjected to high performance liquid chromatography (HPLC). Fractions DNA in the precipate was determined after hydrolysis and DEAE chromatography as described previously (13) . Fractions (3 ml) were collected and radioactivity determined as described above. A typical elution profile is shown in Fig IB. 
Analysis of S-roethylcysteine in labelled methyltransferases
Extracts of the bacteria were incubated with substrate DNA and hydrolysed and washed as described for total methyltransferase measurements.
The precipitates were washed twice with ethanol and dissolved in 50mM
Tris-HCl pH7.8 (0.4ml). Protein was degraded by addition of proteinase K (Sigma, 1.5units) and incubation at 37°C for 3h followed by addition of aminopeptidase M (Sigma, 6.6 units) and incubation at 37°C overnight.
S-methylcysteine (Sigma) was added and samples were applied to TLC plates 
RESULTS AND DISCUSSIOH
Pools of 8 Colonies of bacteria containing recombinant plasmids were grown up and extracts were made for total MT assay. Despite the presence of host-coded MT two of the pools (7 and 6 on plates 7 and 8 respectively) had elevated MT levels (Fig 3A) . An increase in background MT activity from plate 4 onwards was due to an increase in counting efficiency on changing to a commercial scintillation cocktail (see materials and methods). When extracts from the individual colonies in these pools were assayed, 3 (i.e. (Fig 3B) . Plasmids from these colonies were transformed into E.coli DH1 (rec ) and two colonies (designated 061 and 062) were recovered which expressed high MT levels (Fig 4) . In extracts of both of these clones MT activity was proportional to the volume of extract used in the assay up to a plateau: in the case of 061 this was equivalent to the amount of radioactivity in 0^ -meG in the substrate DNA whereas for 062 extracts, the plateau level was about twice that for 061 (Fig 4) . When substrate DNA was HPLC analysis of residual substrate DNA following incubation with 061 or 062 extracts confirmed that both contained £ -meG MT activity (Fig 5) . (Table 1) .
7-7H, 8-6B and 8-6D) demonstrated markedly higher levels of total MT activity
This indicated that we were not dealing with a hitherto unreported MT acting on the N-methylated purines 7-methylguanine and 3-methyladenine which constitute 95% of the methylated purines in this DNA. With [ H]-ENU-DNA substrate (which contains a much higher proportion of alXylated phosphodiesters than does MNU-reacted DNA (2)) about 3 times more labelled protein was produced after incubation with 062 extract than after 061 extract (Table 1) . We confirmed the presence of MP MT in 062 extracts by measuring the amount of MP remaining in methylated DNA following incubation with 061 or 062 extracts: no such activity was detected in 061 extracts (Table 1 ). Furthermore when 061 or 062 extracts were incubated with [ HJ-MNU-DNA, enzymically degraded to amino-acids and subjected to thin layers chromatography, both cases only one peaX of radioactivity was seen The volumes of extracts and the substrate used are as indicated and total MT, ethyltransferase (ET) or MP MT activity was determined and described in Materials and Methods. For DMS-DNA, substrate containing 2pmole 7-methylguanine and 0.2 pntole 3-methyladenine (as determined by HPLC analysis) was used: total MT activity, measured by transfer of radioactivity to protein was less than twice the control level in which substrate DNA was incubated in the absence of extract. For ENU-DNA, substrate containing 0.5 pmole Q -ethylguanine was used.
and this coincided with authentic S-methylcysteine (Fig 2) , indicating that both MT functions act by transfer of methyl groups to cysteine residues.
Under substrate limiting conditions about twice as much S-methylcysteine was produced in 062 than 061 extracts (Fig 2) .
Extracts of 061 and 062 labelled by incubation with [ H]-MNU-DNA and then subjected to SDS-PAGE-fluorography exhibited single bands of molecular weight approx. 18Kd and approx. 37Kd respectively (Fig 6 lanes 1 and 2) . As the only MT activity present in 061 extracts acts on 0 -meG in DNA, this suggests that the 18Kd protein is the 0 -meG MT and earlier reports that purified E.coli C) -meG MT is an 18Kd protein support this conclusion (15) .
These results also indicate that both of the MT activities in 062 extracts From the above data it was not possible to determine whether the plasmid in 062 bacteria carries the structural gene for £ -meG and MP MT or a gene that increases expression of host-coded MT. We therefore isolated plasmids from 061 and 062 bacteria and used them to transform E.coli BS23, a strain that is deficient in £ -meG MT and MP MT (11) and very sensitive to the toxic effects of N-methyl-N'-nitro-N-nitrosoguanidine (MNNG). When these bacteria were plated in the presence of lug/ml MNNG, a dose which killed all control BS23 cells, 100% of transformants survived. Furthermore, when extracts of BS23 containing pO62 were incubated with [ HJ-MNU-DNA, subjected to PAGE and fluorographed, a major band at 37Kd and a minor band at 18Kd were observed (Fig 6 lane 7) . pO62 coded proteins were also examined in a DNA-directed in vitro protein synthesis system using [ S]-methionine as a tracer amino acid.
After PAGE and fluorography, we detected 2 major bands at 37Kd and 18Kd (Fig   7 lanes 2,4) in addition to those coded by the plasmid sequence pUC8 (lanes   1,3) . It was also shown that both of these bands contained cysteine as would 184-^ ^g 18 4=---=18
14-3=-* =13 12 3= From these data we concluded that pO62 codes for a 37Kd protein molecule which contains both (3 -meG MT and MP MT activities and that this protein can undergo cleavage to produce an 18Kd protein that contains only 0 -meG MT.
This conclusion is supported by results which showed that a polyclonal antibody raised to the purified 0_ -meG MT 18Kd protein cross reacts with a 37Kd protein present in extracts of E.coli BS21, a strain that constitutively expresses high levels of MT (16) . These results, which appeared whilst our work was in progress, also showed that a plasmid containing the ada gene (which confers the adaptive response to ada E.coli strains) also codes for a 37Kd protein that is recognised by this antibody and thus that the ada gene codes for, amongst other things, 0^ -meG MT. Our approach, in which we set out to clone the 0 -meG MT gene has resulted in 
Characterisation of pO62 subclones
Assay of extracts of E.coli carrying various subclones of pO62 indicated that the 2.1KB Sal 1, (pO62S), the 3Kb BamHl-Sal 1 (pO62BS) and the 3Kb Hindlll (pO62H) fragments code for MT activity (Fig 4) whilst the 4Kb BamHl fragment does not. Preincubation of substrate DNA with 061 extracts indicated that pO62S coded for a MT activity which was not directed towards £ -meG whereas pO62BS coded only for £ -meG MT. HPLC analysis for £ -meG MT in these extracts showed that pO62BS and pO62H coded for £ -meG MT, but this activity was present at only background levels in the extracts of bacteria carrying pO62S. However, the MT activity in these latter extracts was shown to act on MP (Table 1) and SDS-PAGE-fluorography revealed a single band of M.Wt 13Kd (Fig 6 lane 9) for pO62S whilst pO62H produced a single band at 37Kd (Fig 6 lanes 3 and 4) . A faint band of this Mwt was also seen on fluorographs of [ H]-MNU-DNA labelled extracts of E.coli strain F26 carrying pO62 (Fig 6 lane 5) . Furthermore in the in vitro translation experiments using pO62 faint bands were seen at 12.3 Kd using [ H]-methionine and at 13Kd using [ S] cysteine (Fig 7 lanes   2 and 4 respectively) . Since the 37Kd and 18Kd proteins were also present in the pO62-F26 extracts it is reasonable to suggest that the MP MT resides in a 13Kd protein. The restriction map of p062 (Fig 8) suggests that MP MT is probably at the amino-terminal section of the coding region, which is contained in the Sal 1 fragment in pO62S.
McCarthy et al. (11) recently showed that the majority of MP MT activities have a M.Wt. "less than 16Kd". The also found that a minor MP MT activity of 39Kd (which may be equivalent to our 37Kd protein) disappeared on incubation of the extracts of 45°C. Since these authors used E.coli strain BS21 which appears to contain the cleavage function (Fig 6 lane 6) , the loss of the 39Kd protein may be due, at least in part, to this process.
Our results indicate that the fragmentation of the 37Kd protein is E.coli-8train dependant, DH1 being the least active and F26 the most active of the strains we have used. In BS21, expression of pO62 appears to saturate the breakdown process as the 37Kd protein was the principal product (Fig 6 lane 8) . Since the fragmentation appears to be neither a prerequisite for activation nor a consequence of inactivation (i.e. reaction with substrate) its function remains obscure.
To our knowledge, this report represents the first cloning of any DNA repair gene using a functional assay for gene products and one of the more general conclusions from this work is that such assays can be used in gene cloning procedures provided sufficiently sensitive methods can be developed.
This approach would be particularly applicable to genes coding for proteins that present technical difficulties in purification or in generation of antibodies.
